The early life environment has long-term implications for the risk of developing cardiovascular (CV) disease in adulthood. Fetal responses to changes in maternal nutrition may be of immediate benefit to the fetus, but the long-term effects of these adaptations may prove detrimental if nutrition in postnatal life does not match that predicted by the fetus on the basis of its prenatal environment. We tested this predictive adaptive response hypothesis with respect to CV function in sheep. We observed that a mismatch between pre-and postnatal nutrient environments induced an altered CV function in adult male sheep that was not seen when environments were similar. Sheep that received postnatal undernutrition alone had altered growth, CV function, and basal hypothalamo-pituitary-adrenal axis activity in adulthood. Prenatal undernutrition induced greater weight gain by weaning compared with the prenatal control diet, which may provide a reserve in the face of a predicted poor diet in later life. In an adequate postnatal nutrient environment (i.e., relatively mismatched), these offspring exhibited cardiac hypertrophy and altered CV function in adulthood. These data support the concept that adult CV function can be determined by developmental responses to intrauterine nutrition made in expectation of the postnatal nutritional environment, and that if these predictions are not met, the adult may be maladapted and at greater risk of CV disease. Our findings have substantial implications for devising strategies to reduce the impact of a mismatch in nutrition levels in humans undergoing rapid socio-economic transitions in both developing and developed societies.
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fetal development ͉ postnatal development ͉ predictive adaptive response E pidemiological studies have shown that the environment in early life may have long-term effects on the risk of adultonset diseases such as hypertension and coronary heart disease (reviewed in ref. 1) . Studies of adults who were in utero at the time of the Dutch Famine (November 1944 to May 1945) provide direct evidence that maternal undernutrition during early gestation, when the nutrient demands of the conceptus are minimal, leads to increased incidence of coronary heart disease in adult offspring (2) . Animal studies support this observation; for example, in sheep, maternal undernutrition in the period after conception influences cardiovascular (CV) function in late gestation in the absence of any changes in birth weight (3, 4) . An association between perturbations of the peri-implantation environment and altered postnatal CV function has been confirmed in both rats (5) and sheep (6) . The pattern of postnatal growth may also influence later health, as studies in humans have shown that reduced size at birth and accelerated childhood growth confer an increased risk of CV disease in adulthood (7, 8) .
Recently, it has been suggested that although responding to changes in maternal nutrition may be of immediate benefit to the fetus, the long-term effects of these adaptations may prove detrimental if nutrition in postnatal life does not match that predicted by the fetus on the basis of its prenatal environment (1) . Thus, the biological response to aspects of the prenatal environment conveys fitness in a similar postnatal environment, and such prenatal responses may have arisen by selection for optimal postnatal fitness (9) . Such responses are not only manifest in terms of prenatal survival but also reproductive success. Such ''predictive adaptive responses'' (PARs) are similar to the environmentally induced phenotypes in invertebrates such as the gregarious vs. solitary forms in locusts (10), queens vs. workers in honey bees (11) , and seasonal polyphenisms in moths (12) . Mammalian examples include seasonal changes in coat thickness in meadow voles (13) . If the developmental prediction is incorrect, e.g., a mismatch between pre-and postnatal environment occurs, the phenotype induced by PARs may be poorly adapted to the postnatal environment and result in decreased fitness. Thus in humans, PARs made in response to a suboptimal intrauterine nutrient environment may be inappropriate if a substantial increase in postnatal nutrition arises after economic development or migration. PARs may therefore play a role in the rising incidence of CV and metabolic disease in developing countries. Indeed, Indian children who were small at birth but heavy at 8 years of age, indicating changing nutritional status, have increased risk factors for CV disease, including insulin resistance and increased plasma LDL cholesterol (14) . The PARs concept may also apply to placental insufficiency, with or without fetal growth restriction, as opposed to maternal dietary deficiency, when the fetus experiences nutrient deprivation and prepares mistakenly for a life of dietary deprivation. Such mismatches between the pre-and postnatal nutrient environment might, by virtue of inappropriate PARs, therefore underlie the increasing prevalence of CV dysfunction in adulthood in both developed and developing countries.
To investigate the PARs hypothesis in a species with a developmental trajectory comparable to humans, we manipulated separately the pre-and postnatal nutrient environment of sheep during periods equivalent to those identified as critical in determining human CV health. Hypertension associated with low birth weight in rats is predominantly in male offspring (15) , and in both rats and humans it is well established that hypertension with renal failure is more likely to occur in males (16), thus we only used male offspring in this study.
Results and Discussion

Ewe and Preweaning Lamb Weight in Response to Early Gestation
Undernutrition. In studies of the famine of the Dutch Hunger Winter, early gestation undernutrition is associated with increased prevalence of CV disease (2); therefore, in this study, ewes received either 100% (C) or 50% (U) of total nutrient intake over the first 31 of 147 days of gestation. During the first 31 days of gestation, U ewes gained less weight than C ewes (Fig. 1a) . This reduction in weight gain is comparable to that in normal human pregnancies in which there is a mild reduction in calorific intake, rather than that of severe starvation as in the Dutch Hunger Winter (17) . Such a reduction in weight gain during pregnancy is also seen in adolescent pregnancies (18) and when high physical activity is carried out while pregnant (19) . The nutritional challenge had no effect on their offspring in terms of birth weight (3.89 Ϯ 0.17 vs. 3.62 Ϯ 0.18 kg) or biometry (data not shown), but U lambs showed greater preweaning growth than C lambs and were heavier at 12 weeks (Fig.  1b) . After birth, the composition and quantity of the milk consumed by the lamb will determine early postnatal growth rate (20, 21) , although this was not examined in this study. The lambs could also have altered metabolism or appetite, as studies in rat have shown that undernutrition during fetal life leads to a preference for high-fat foods in the offspring (22) and changes in the hypothalamic regulation of food intake (23) .
Postweaning Lamb Growth After Pre-and Postnatal Undernutrition.
Epidemiological data indicate that early postnatal growth is associated with altered adult CV function (24) . We therefore subdivided both C and U groups to receive postnatal nutrient restriction (a level that reduced body weight to 85% of individual target weight predicted from the 0-12 week growth trajectory) (CU and UU) or adequate nutrition (CC and UC) between 12 and 25 weeks of age (immediately postweaning). The nutrient restriction produced a clear reduction in fractional growth rate during this period (Fig. 1c) . After the postnatal nutrient challenge (25-35 weeks), UU had a greater fractional growth rate than UC, but CU did not have a significantly greater fractional growth rate than CC (Fig. 1d) . Thus, early gestation undernutrition enhanced both early postnatal growth rate (i.e., 0-12 weeks) and recovery from a period of postnatal undernutrition. These findings indicate that these animals develop strategies aimed at protection of body weight from an anticipated period of undernutrition.
CV Dysfunction in Adult Sheep at 1.5 Years of Age After Mismatch of
Pre-and Postnatal Nutrition. We then assessed CV function in the 1.5-year-old lambs, focusing on the responsiveness of the reninangiotensin system (RAS) because previous studies have implicated the RAS as a candidate mechanism linking reduced intrauterine nutrition to altered CV function in adulthood (25) . The loop diuretic frusemide was used to stimulate the RAS via reduced distal tubular sodium and volume, leading to increased renin and angiotensin II (Ang II) release (26) . An initial increase in blood pressure was observed followed by a gradual decrease in blood pressure due to volume depletion. Both nutritionally mismatched groups (UC and CU), but not the matched group (UU), had an increased blood pressure response to frusemide compared with CC (Fig. 2f ) . The increased blood pressure response to frusemide was not associated with altered basal plasma angiotensinogen (Fig. 2a) , plasma renin activity (Fig. 2b) , and Ang II (Fig. 2c) , nor with an altered plasma renin activity (Fig. 2d ) and plasma Ang II (Fig. 2e) response to frusemide. Also, the baroreflex was unaltered by either of the nutritional challenges (unpublished observations). The results therefore suggest either a greater vascular responsiveness to Ang II or an altered blood pressure decrease in response to volume depletion.
CV/Renal Dysfunction in Adult Sheep at 2.5 Years of Age After
Postnatal Undernutrition. In the same animals at 2.5 years old, we found a similar increased blood pressure response to frusemide in CU (Fig. 3a) , but the effect had disappeared in UC. CU also had an increased overnight urine output (Fig. 3e) , with no change in sodium concentration (data not shown) after the challenge, suggesting a prolonged response to frusemide. Vascular reactivity was investigated ex vivo in the renal artery by using myography (27) . We found that postnatal undernutrition increased the contractile response to phenylephrine in sheep that received prenatal control nutrition (CU vs. CC) but not in those that received prenatal undernutrition (UU vs. UC, Fig. 3f ). Also, an increased blood pressure response to a bolus of Ang II was observed in postnatally undernourished sheep with a control prenatal diet (CU vs. CC) but not those with a restricted prenatal diet (UU vs. UC, Fig. 3c ). The enhancement of the blood pressure response to frusemide and the exaggerated diuresis was blocked by prior administration of the angiotensin-converting enzyme inhibitor captopril (Fig. 3b) . Because captopril blocks Ang II production, this finding suggests that the postnatal nutrient restriction affects the Ang II component of the frusemide response rather than the diuresis component. Cortisol is known to up-regulate ovine arterial blood pressure responses to Ang II (28), and we found that CU vs. CC, but not UU vs. UC, had increased basal plasma cortisol (Fig. 3d) . Thus, altered hypothalamo-pituitary-adrenal axis activity may underlie the observed phenotypic changes (29) . For all parameters there was no statistical difference between groups CC and UU.
CV Dysfunction in Adult Sheep at 2.5 Years of Age After Prenatal
Undernutrition. Early gestation nutrient restriction thus appears to confer advantageous phenotypic changes if the animal is faced with a poor postnatal environment. However, if the postnatal environment is mismatched, a disadvantageous phenotype may be observed. Consistent with this observation are findings that in 2.5-year-old sheep, prenatal undernutrition with a control postnatal diet resulted in increased interventricular septal wall thickness (Fig. 4b ) and increased mean left ventricular wall thickness (UC, 10.4 Ϯ 0.5 mm vs. CC, 8.5 Ϯ 0.4 mm). However, these effects were not observed after prenatal undernutrition combined with postnatal undernutrition (UU vs. CU). Although we observed no difference between groups in basal blood pressure at 2.5 years of age (CC, 90.4 Ϯ 1.5 mmHg; CU, 87.5 Ϯ 3.5 mmHg; UC, 94.4 Ϯ 1.8 mmHg; UU, 90.8 Ϯ 2.0 mmHg), the altered cardiac wall thickness could be a precursor of longer-term CV dysfunction, because in both sheep (30) and humans (31) , left ventricular hypertrophy is associated with hypertension. For all of the above parameters, there was no statistical difference between groups CC and UU. Compared with control lambs (CC), prenatal undernutrition alone (UC), but not when combined with postnatal undernutrition (UU), resulted in increased basal tone and sensitivity to phenylephrine in the left internal thoracic artery (32) and increased constriction ( p EC 50 ) to acetylcholine in isolated coronary arteries at 2.5 years of age (Fig. 4d ). These observations may indicate longer-term CV dysfunction such as hypertension in UC sheep. Indeed, in the male offspring of protein-restricted pregnant rats (33, 34) , altered vascular reactivity is associated with hypertension. A number of potential cellular signaling changes could be hypothesized to underlie the altered vascular reactivity. To investigate this possibility, we focused on myosin light chain kinase (MLCK), a key component of smooth muscle signaling pathways, and acetylcholine receptors (M3) on smooth muscle cells (35) . We found that MLCK mRNA levels in the coronary artery were increased in UC, but not UU, compared with CC ( Fig. 4c) , whereas M3 mRNA levels were unchanged (data not shown). Insufficient PCR and myography data were obtained from CU animals because of difficulty in the dissection of such small vessels. Increased MLCK activity is associated with proliferation and migration of smooth muscle cells (36) , and in the coronary artery the resultant wall thickening is associated with increased arterial stiffness (37) , which therefore affects vascular function. Increased MLCK is associated with increased fibrogenesis in the smooth muscle (38) and in the present study is consistent with the increased growth rate in response to the early gestation undernutrition. Postnatal undernutrition, which stalls the accelerated postnatal growth induced by early gestation undernutrition (UU), appears to prevent these outcomes, indicating that matching of pre-and postnatal nutrition is beneficial whereas a mismatch is detrimental to long-term CV function.
Conclusion
We have shown that modest nutrient restriction in early gestation produces phenotypic changes in the offspring of a species comparable to humans in terms of maturity at birth. These effects occur without changes in birth weight. They could constitute a postnatal survival strategy by enhancing postnatal growth and also a predictive response to promote growth recovery after an anticipated postnatal nutritional challenge. If the prenatal prediction is not ref lected in the postnatal environment, left ventricular hypertrophy, increased coronary artery vascular reactivity, and MLCK mRNA expression are induced in adult life. Conversely, the effects of postnatal undernutrition (increased vasoconstrictor responsiveness and urine output in response to frusemide and elevated basal plasma cortisol) are prevented by prior early gestation undernutrition. Our data are consistent with the PARs concept (9) . However, the PAR induced may not be complete because the responses of the two matched groups (CC and UU) are not always identical. Although we cannot exclude the possibility that the responses can be explained simply as an inappropriate developmental outcome of an appropriate response to an adverse insult in early pregnancy, there were no obvious signs of disruption of development. Our concept of nutritionally induced PARs is supported by other animal studies in which the coronary atherosclerotic (39) or endothelial function (40) effects of a high-fat diet were prevented by prior feeding of a similar diet to the pregnant mother and those in which reduced longevity after a postnatal cafeteria diet was prevented if growth was restricted by nutritional restriction at suckling (41) .
The biological response to poor prenatal nutrition induces a phenotype best suited to a similar poor postnatal nutrition. Poor prenatal nutrition followed by adequate postnatal nutrition or adequate prenatal nutrition followed by poor postnatal nutrition (mismatch) leads to adult phenotypes similar to those in human CV and metabolic disease, such as endothelial dysfunction and cardiac hypertrophy, and altered vascular tone, blood pressure control and renal function, and weight gain. This concept may be particularly important in populations in which the mismatch of pre-and postnatal nutritional environments is exaggerated from generation to generation by a rapid socio-economic transition. A nutritional mismatch may also occur in Western society when maternal dietary intake during pregnancy does not meet the energy demands of the conceptus because of high physical activity or dieting prior or during the early stages of pregnancy, or in adolescent pregnancies. Alternatively, the fetal prediction of postnatal environment may be inappropriate because of maternal or placental disease or the greater maternal constraint associated with small stature or primiparous pregnancy. Lastly, neonatal conditions such as feeding high-fat and -calorie infant formula or weaning onto inappropriate foods can exacerbate the mismatch between developmental prediction and later nutrition.
Although the role of environmental mismatch in producing pathophysiology is supported by experimental data, it is now important to elucidate the mechanisms underlying such longterm physiological changes. Evidence is emerging of a role for epigenetic changes to DNA, affecting the expression of both imprinted and nonimprinted genes and induced by nutritional or hormonal factors (42, 43) . Indeed, feeding a reducedprotein diet to pregnant rats induces elevated blood pressure and endothelial dysfunction in the offspring and is associated with permanently increased expression in the liver and heart of genes such as the glucocorticoid receptor (GR) and PPAR␣ due to hypomethylation of their respective promoters and associated changes in histone acetylation and methylation (44) . The identification of markers for such phenotypic changes in early life will be important for interventions aimed at reducing the substantial global burden of CV morbidity and metabolic disease.
Methods
Experimental Model. Welsh Mountain ewes (U.K. Animals Scientific Procedures Act 1986) in their second or third parity received 100% (C, n ϭ 21) or 50% (U, n ϭ 26) of total nutrient requirements between days 1 and 31 of gestation and 100% thereafter. The diet consisted of barley, wheat, micronized full-fat soya, grass meal, molasses, chopped straw, calcium carbonate, dicalcium phosphate salt, and sheep vitamin/mineral supplement. As fed, the diet provided 9.6 MJ/kg (metabolizable energy) and 14.75 g of crude protein. Ewes delivered and suckled their lambs naturally until weaning at 12 weeks of age (C, n ϭ 24 [9 single (s), 15 twin (t)] and U, n ϭ 28 [14 s, 14 t] lambs). All lambs were weighed at birth and at 12 weeks of age. Offspring were fed ad libitum [CC, n ϭ 14 (6 s, 8 t) and UC, n ϭ 14 (7 s, 7 t)] or at a level that reduced body weight to 85% of individual target weight (predicted from the 0-12 week growth trajectory) from 12 to 25 weeks postnatal age and ad libitum thereafter [CU, n ϭ 10 (3 s, 7 t) and UU, n ϭ 14 (7 s, 7 t)]. All lambs received 100% of nutritional requirements from 25 weeks of age onwards. The diet consisted of free access to water and hay, and creep pellets (Prestige Lamb Pellets ϩ Decox; BOCM Pauls Ltd., Loughborough, U.K.) were provided each morning and afternoon. As fed, creep pellets provided 10.51 MJ/kg (metabolizable energy) and 18% crude protein. At Ϸ32 weeks of age, lambs were transferred onto a standard ration of an adult complete pelleted diet (Ewbol 18; BOCM Pauls Ltd.) plus ad libitum hay. Surgical Procedures. At 9.9 Ϯ 0.1 months of age, all lambs were vasectomized, and carotid artery loops (externalization of artery within a f lap of skin) were created under general anesthesia (3% halothane/O 2 ) to allow temporary catheters to be implanted easily at a later date. At 1.5 (16.5 Ϯ 0.1 months) and 2.5 (29.6 Ϯ 0.2 months) years of age, catheters were inserted into the carotid artery and jugular vein under general anesthesia (3% halothane/O 2 ) using sterile techniques.
Experimental Procedures. RAS function was assessed at 1.5 and 2.5 years of age using frusemide (5 mg/kg i.v. bolus) and at 2.5 years using captopril (500 g/kg per h i.v. infusion), angiotensin I (0.05 g/kg i.v. bolus), and Ang II (0.05 g/kg i.v. bolus). Mean arterial blood pressure (MAP) was monitored via the carotid artery catheter by using a physiological pressure transducer. At 2.5 years, cardiac morphology and left ventricular function was determined by transthoracic echocardiography under general anesthesia (3% halothane/O 2 ).
Hormone Analysis. Basal plasma renin and angiotensinogen were measured in duplicate using RIA as described (45) . Plasma
